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      Molecular Recognition and Self-Organization. Organization in
biological systems is quite often the result of molecular association phenomena
based on noncovalent intermolecular forces, Enzymes, genes, antibodies,
ionophores, and other biological systems possess receptor sites that can
selectively bind suitable substrates, giving rise to highly specific molecular
recognition, transformation, and translocation processes which form the chemical
basis of life. The design of artificial molecules capable of displaying processes
with highest efficiency and selectivity requires the correct manipulation of the
energetic and stereochemical features of the noncovalent intermolecular forces
such as electrostatic interactions, hydrogen bonds, van der Waals forces,
coordination, hydrophobic interactions, etc, within a defined molecular
architecture. The first basic concept to explain such phenomena of enzymatic
reactions is 't lock and key'" by Emil Fischer in 1894.i' In the middle of this
century,1967, C. J. Pedersen found the selective incorporation of metal cations by
''
 crown ether" and this finding has strongly stimulated the imagination and
ingenuity of chemist.2) D. J, Cram and his group started the investigation of the
melecular recognition by various kinds of newly synthetic model compounds. He
conceptualized the molecular recognition as "preorganization"' and "host guest
chemistry''.3) Following his work a great variety of receptor molecules have been
designed for effecting the recognition of numerous and very diverse types of
substrates.`) In most cases, however, molecular recognition between rigid
 molecules, i.e., static molecular recognition has been studied and few examples
 for the study of molecular recognition accompanied by structural changes of
-1-
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 molecules so--called " allosterism" and " induced fit" which is impQrtant as a
 trigger of following function in biolegical systems, have been investigated. Thus,
 relationships between structural change and successive chemical reactions or
 functions of artificial molecules are still unclear,
      Recently, based on these many studies of molecular recognition, novel
lines of investigation have developed the design of molecular devices and
systems displaying higher forms of molecular and supramolecular behavior such
as self-organization, regulation, cooperatively, communication, and replication,
Well-defined structures in bio]ogical systems exist as functional units which are
self-assembled with several molecular units. Typical example is DNA, DNA is
existing as well-known double helix, but a part of it is sometimes broken. This
partial dynamic structural change is essential for characteristic DNA functions
such as replication, transcription, and repair. The macro-structure of DNA,
however, will be always considered to be double helix. The self-assembled DNA
structure determined by the pattern of the multi hydrogen bonding of
complementary nucleic acid bases makes it possible that DNA breaks hydrogen
bondjng of deuble helix and still at the same time maintain its supramolecular
structure. This flexible behaviour of DNA depends on its ability of self
organization which involves precise recognition and positive cooperativity of
each molecule.
      J. M. Lehn developed self-assembling systems with highly defined
structures, which led to the formation of "supramolecular chemistry".5)
Supramoecular chemistry is defined as "chemistry beyond the molecule'' and this
is the chemistry of the intemiolecular bond, covering the structures and functions





J, M. Lehn et aL (1987)
to this concept, he designed oligo-bipyridine-chain ligands incorporating two to
five bipy groups.6) By treatment with Cu(I) ions they underwent a spontaneous
assembling into double stranded helicates containing two ligand molecules and
one Cu ion per bipy site of each ligand, the two receptor strands being wrapped
around the metal ions which hold them together. This spontaneous formation of
an organized structure by intermolecular interaction is similar to that of DNA.
These control of self organization at the molecular level opens ways to the design
and consrtuction of self assembling systems presenting cooperativity, regulation,
and amplification features in biology. Such artificial molecular design and
engineering now become a field of major interest in chemistry. Various
molecular self assembling systems such as helices,') macrocycles,g) cages, 9)
tubes,iO) grids,'`) interlocked systems,`2' etc., which are very difficult to be
synthesized by normal organic syntheses have been produced according to these
-3-
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J. Rebek Jr. et at. (1993)
M. R. Ghadiri et at. (1994)
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novel lines of investigatiens. In recent years highly well-defined functional
structures are also reported. J. Rebek Jr. et. al. have reported the bowl-shaped
molecule formed by dimerization of se!f-complementary structure by means of
hydrogen bonds.'3' This dimer features a flattened spherical cavity of peculiar
symmetry and acts as a host for the encapsulation of guest molecules of
complementary shape. M. R. Ghadirj et. aL have reported the design of peptide
nanotubes which were based on the two central methodology,'"' The first is that
cyclic peptides made up of alternating D- and L-amino acid residues can adopt a
flat ring-shaped conformation in which the backbone amide groups are
approximately perpendicular to the plane of the ring and the second is that
intermolecular hydrogen bonding and ring stacking interactions of peptide
subunits would be energetically favored under appropriate conditions and would
thus produce open-ended tubular ensernbles. Thjs peptide tube formed a self-
assembled tubular transmembrane channel in a lipid bilayer and shows efficient
ion and glucose transport activity. Such self organjzation as a method to construct
artificial functional molecular systems has received much attention in recent
years,
      Electron and Energy Transfer. Photosynthesis plays a crucial role in
biological systems for energy conversion from light into chemical energy, The
central part of the photosynthetic molecular device is a noncovalently linked
BChl-b dimer so-called ''special pair". After its activation by light or by energy
transfer from light-harvesting antenna complexes in the membrane, an electron
moves from this special pair to an acceptor in almost 1009o quantum yield
through several electron and energy transfer steps. The recent determination of
-5-
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the X-ray structures of crystals of the photosynthetic reaction center'S) and the
light-harvesting antenna comp!exesi`) shows that the protein and cofactors such
as chlorophyll, quinone, carotenoid, etc., form self assembling structures, First
step to clarify the system of biological electron and energy transfer is the
dissection of the complex reaction sequence into single steps at the molecular
level. Several covalently linked porphyrin-quinone complexes, many of which
mimic one or two steps of electron and energy transfer systems in biological
systems, have been synthesized during the past two decades.t') Furthermore,
noncovalently linked donor-acceptor systems using hydrogen bonding or
hydrophobic interaction have been reported recently.iS' All these model systems
have brought a great number of insight into electron and energy transfer in
biological systems. Due to their difficulties of synthesis and fixing orientation of
each pigment, however, it is very difficult to extend these systems to three- and
four- component model systems which are required for construction of more
precise mimic of natural photosynthetic complexes composed of self organized
multi pigments.
      Survey of This Thesis. This thesis describes the construction of novel
self-organized molecular systems consisting of two unjts. One unit is self-
organized face-to-face porphyrin dimer formed by dynamic molecular
recognition through the eight hydrogen bonds. During the dimer formation a new
unique molecular recognition site is formed between the two porphyrin planes,
This recognition site has high selectivity for bidentate ligands such as pyrazine.
This specific recognition of bidentate ligands make it possible to connect the






































































 functionalization. This self--organized system using plural different intermolecular
forces is usefuI for not only one of methods to make highly weH-defined structure
but also to construct porphyrin assembling system which wouid be readily
extended as a model of photosynthesis.
      In chapter 1, synthesis and self-induced porphyrin dimer formation of
novel functional porphyrin, meso-tetrakis(2-carboxy-4-nonylphenyl) porphyrin
(1), were investigated. Atropisomerization of porphyrin 1 starting from the
mixture of4 atropisomers in nonpolar solvents such as CHCI3 gives the ctaact
isomer exclusively. UV-vis, IR, and NMR investigations of 1 suggest that the
porphyrin exists as a face-to-face aggregate in nonpolar solvents. Furthermore,
the molecular weight of porphyrin 1 in CHCI] by the method of vapor pressure
osmometry clearly indicated dimer formation. These results show that porphyrin
1 forms self-assembled suprarnolecular aggregate in nonpolar solvents and the
resulting aggregate is face-to-face porphyrin dimer through the eight hydrogen
bonds arnong four pairs ofcarboxylic acids as shown in Scheme 1.
      In chapter 2, computer analyses of unusual TPP atropisomerization
containing equilibrium processes are described. Kinetic behavior of
atropisomerization were analyzed directly by a non-linear least square
optimizatton method which uses numerical integration of kinetic differential
equations. As a plausible mechanism of unusual atropisomerization, four modeis
which contain different rate or association constants are analyzed with new
program REDAP (Reaction Dynamics Analysis Program). Analyses show the
kinetic model 4 (Scheme 1) determined with one rate and two equilibrium
constants gives the smallest residual square sum and excellent agreement with al1
kinetic traces,
                              -8-
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In chapter 3, formation and molecular recognition of self-organized
porphyrin dimer Zn complex are described. [5,lO,15,20-tetrakis(2-carboxy-4-
nonylphenyl)porphyrinato]zinc(II) (2) were investigated as the same manner of
chapter 1 and these results suggest that the porphyrin aggregates in nonpolar
solvents and the resulting aggregate is face-to-face porphyrin dimer through the
eight hydrogen bonds among four pairs of carboxylic acids. This self-assembled
porphyrin dimer has a cavity between the two porphyrin faces, the distance
between the porphyrin planes is 8-9 A, furthermore, top and bottom end are zinc
as the coordination site. So this self-assembled cavity is available for molecular
Scheme 2
Llzn/l
I I I I
2i/ znl7~ I I
Kdimer i/ znl7
recognition site for bidentate ligands such as pyrazine. The complexations of
aromatic amines such as pyrazine, pyridine, and so on with this porphyrin dimer
were investigated. These experiments revealed that the incorporation of guests
into porphyrin dimer was highly specific for pyrazine. The theoretical fitting for
spectroscopic investigation as shown in Scheme 2 suggests that the equilibrium
constant of porphyrin dimerization is 5x 10sM- 1 and the binding constant with
pyrazine is 1x1OIOM-! .
In chapter 4, complex formation between pyrazine derivatives having a
large side moiety and dimeric self-assembly of aaaa.-isomer of 2 to make the
inside-outside connection was investigated. IH NMR and UV-vis titration
experiments for this dimeric assembly with pyrazine derivatives show highly
-9-
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specific 1:2 complex formation of pyrazine having long alkyl chains. The
equiJibrium constants for porphyrin dimer formation and 4-(2-pyrazinyl)-N-
benzoylbutanamide (5) binding are estimated to be ca. 5 x 10S and ca. 2 x 10' M[i,
respective]y. The most cha.racteristic feature of the present terriary system, (2)2.
pyrazine, is that the pyrazine derivative having a large side moiety such as a
benzoyl group can coordinate to two zinc atoms inside the dimer cayity by
sticking the side moiety out of a window formed between hydrogen bond pillars
R
R=COOH
            mesatetrakis(2-carboxy-1-naphthyl)porphyrin
of the complex,
      In chapter 5, synthesis and molecular recognition of meso-tetrakis(2-
carboxy-1-naphthyl) porphyrin (3) are described. This porphyrin was designed to
have four carboxylic acids as recognition sites. Four carboxylic acids on naphthyl
rings were fixed since atropisomerization of porphyrin 3 is prohibited due to the
steric hindrance of naphthyl rings at meso position. The interactions of various
amines with porphyrin 1 were investigated by UV-vis absorption spectroscopy
and association constants were determined by non linear least square
optimization analysis of the absorbance changes of Soret band. Three types of
-1O-
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complexation, porphyrin 3 lamine = 1/1, 1/2, and 2/1 , were observed and their
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Self-induced Porphyrin Dimer Formation via Unusual
Atropisomerization of Tetraphenylporphyrin Derivative
Abstract
      A novel functional porphyrin, meso-tetrakis(2-carboxy-4-nonylphenyl)
porphyrin (1), was designed to have four carboxylic acids as recognition sites and
long alkyl chains at the phenylrings to provide enough solubility in organic
solvents. Atropisomerization of porphyrin 1, in nonpolar solvents such as CHC13
gives the ctctctor isomer exclusively, while the same isomerization in polar
solvents such as DMSO proceeds statistically, giving four atropisomers with the
ratio ctPctB:ocaBB:ctctufi:ctctocct=S:2:4:1. UV-vis, IR, and NMR investigations
of a solution of 1 suggest that the porphyrin exists as a face-to-face aggregate in
nonpolar solvents. Furthermore, the molecular weight .ofporphyrin 1 in CHC13
determined by the method of vapor pressure osmometry undoubtedly indicated
dimer formation. These results show that porphyrin 1 forms self--assembled
                                                               +supramolecular aggregate in nonpolar solvents and the resulting aggregate is





Porphyrin dimers have been attracting particular attention of chemists for
their characteristic chemical and physical properties relating to those of biological
systems such as photosynthetic centers. I) On the basis of such biomimetic
interest, various types of synthetic methods have been developed to prepare
artificial porphyrin dimers, where two porphyrin molecules were connected with
covalent bonds.2l Another interesting approach to the construction of porphyrin
dimers is to utilize self-assembling functions based on molecular recognition.
There have been several examples of such spontaneous dimeric porphyrin
formation systems designed to use hydrogen bonds or ligand coordination as
associative interactions between two porphyrin molecules.3) These self-
assembling systems usually consist of a single equilibrium process and their
selectivity for dimer formation is mainly determined by spatial arrangement of
interacting groups attached on the porphyrins. We report here a novel self-
assembling system for porphyrin dimer formation which is accompanied by
conformational change of the monomeric porphyrin. The observed self-
assembling process is so highly selective for dimer formation that, even starting
from a mixture of undesired monomeric porphyrin isomers, the system gives the




     The porphyrin used in this work is meso-tetrakis(2-carboxy-4-
nonylphenyl)porphyrin 1, which was prepared according to Scheme I. Methyl 2-
formyl-5-nonylbenzoate (8) as a precursor of porphyrin 1 was prepared from p-
bromobenzaldehyde (3) in five steps, Condensation of 8 and pyrrole gave meso-
tetrakis(2-methoxycarbonyl-4-nonylphenyl)porphyrin (2) as a mixture of 4
atropisomers in 48 9o yield. The preÅëursor porphyrin 2, was easily hydrolyzed in
aq. 15M NaOH/THF solution to afford 1 in 70 9o yield. Although the analogous
porphyrin, meso-tetrakis(2-carboxyphenyl)porphyrin having no nonyl group, is
known as an intermediate in functionalized porphyrin synthesis, its detailed
characteristics such as an atropisomeric disnibution has not been studied because
of its insolubility in organic solvents.`' In contrast, the present porphyrin 1 is
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Ch ap ter I
investigations of its solutson properties.
        The distribution of atropisomers of 2 was easily determined by using
usual reverse phase HPLC column5' and the equilibrated solution shows the
normal statistical distribution, i,e., otBctB:ocorSB:crLctctB:ctctctct= 1 : 2 : 4 : 16' as
shown in Figure 1. Although there was no appropriate direct method to analyze
an atropisomer distribution of 1, esterification of 1 with diazomethane at room
temperature showed to give 2 quantitatively without any disturbance of the
original distribution. Thus, we tried to deterinine the atropisomer distribution of
1 in various organic solvents.
      Experiments of thermal equilibration in sealed tubes at 80 OC for 15 h
showed interesting behavior of 1 which was quite different from that of 2. The
most interesting point is that the atropisomerization of 1 is highly solvent-
dependent and there are clear two groups of solvents which give distinct results
each other; that is, one is the group of relatively polar solvents such as THF,
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Figure 2, Thermal atropisomerization of TPP(C02H)4 in DMSO and
(CHC12)2 at soOc.
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afford nearly statistical mixture of four isomers, and another is that of relatively
nonpolar solvents such as CHCb, CC14 , CHCbCHCh and benzene in which the
aaaa isomer is unusually enriched after thermal equilibration. The final
contents of the aaaa isomer in these nonpolar solvents are over 95, 99, 99 and
95 %, respectively. The typical kinetic traces of present atropisomerization are
shown in Figure 2. The data clearly show monotonous increase of the aaaa
isomer in CHC12CHCI2, which is in sharp contrast to monotonous decrease of the
same isomer in DMSO. These results suggest that the aaaa isomer was
anomalously stabilized in the nonpolar solvents in spite of its thermodynamic
and/or statistic disadvantage.?} It should be also noted that the system contains
no second additive, which is necessary to induce the aaaa isomer in previously
reported systems showing similar large deviation from statistical atropisomeric
equilibration of TPP type porphyrins. S}




























aaaa isomer of 1, we investigated its spectroscopic properties in various
solvents.
The UV-vis spectra of porphyrin 2 were almost the same in both polar
and non-polar solvents as shown in Figure 3. In contrast, the Soret band for 1 in
non-polar solvent, CHCh, shifts from 426nm to 416nm and the shoulder peaks at
400nm-415nm disappears. These spectral changes are in agreement with the
features of a face-to-face porphyrin dimer previously reported.9)
The infrared spectrum of C=O region of the aaaa-atropisomer of
porphyrin 1 and 2 are shown in Table 1. In THF and CH2CI2 , C=O stretching of 2
are not different, While, the stretching of 1 are 1701cm·' and 1727cm· 1 ,









respectively. This result strongly indicates hydrogen bond formation between
two carboxylic acid moieties in the nonpolar solvent.
The IH-NMR chemical shift differences between the aaaa-atropisomer
of porphyrin 1 and 2 in THF, DMSO and CDCh are summarized in Figure 4. In
DMSO and THF, the chemical shifts of both 1 and 2 behave very similarly and
only in CDCb, the large differences for these chemical shifts were observed.
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  Figure 4. iH-NMR chemical shift differences between TPP(C02CH3)4
  and TPP(C02HÅr4 in CDC13, THF and DMSO.
solvent,
      All of these ebservations strongly suggest that 1 generates some kind of
molecular assembly in nonpolar solvents via hydrogen bond formation between
carboxylic acid moieties. Based on these results, we measured molecular
weight of 1 in CHC13 and THF by the method of vapor pressure osmometry. The
results undoubtedly indicated dimer formation in CHCI3 and monomeric state in
THF, i.e,, observed molecular weight of 1 in CHC13 and THF were 2680 Å} 200
and 1260 Å} 100 respectively, which are in excellent agreement with those of
dimer (M.W.=2588) and monomer (M.W.=1294). Considerations of molecular
models reveal the face-to-face dimer of 1 shown in Figure 5 as the most plausible
stmcture.
Base on these observation, we proposed the meÅëhanism for this
atropisomerization as shown in Scheme II, The equilibrium constant for
dimer formation is estimated to be lager than 10' M'i at 80 OC, which corresponds
to the stabilization energy of 11 kcal/mol, The ejght hydrogen bonds among
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Figure 5. A plausibie structure of dimeric 1. Dashed
lines show hydrogen bonds, length of which is 1 .9 Å}












four pairs of carboxylic acids in the dimer not only explain the observed
stabilization energy but also give the origin of the driving force for present self-





      Genera} Remarks.iH-NMR spectra were recorded on a JEOL FX-90Q
(9e MHz), a JEOL GX-400 (400MHz) or a JEOL ct-500 (500MHz). 'H-
NMR chemjcal shifts are referenced to internal CDCI.i ('H 57.25 ppm) relative to
Me4Si at O ppm. EIectronic absorption spectra were perforrned on a Hitachi
U-3410 spectrometer, Multi-channel Photodiode Array Spectrometer, Otsuka
Electronics MCPD-1OO or Hewlett-Packard HP-8452A, thermostated at given
temperatures with a circu]ation system, NESLAB Instruments, Inc. RTE+-9. IR
spectra were recorded on PERKIN ELMER System2000 FT-I]R, Vapor pressure
osmometory measurement were performed on CORONA 117, Mass spectra
were obtained with a JEOL JMS DX-300 or a JEOL JMS-SXI02A mass
spectrometer. HPLC experiments were performed on a TOSOH HLC-837 or
Waters M600E equipped with a TOSOH UV-8010 variable-wavelength detector
and Waters M991 Photodiode Array Detector.
      Materials. Solvents used in spectral measurement were Spectrosol
purchased from Nacalai Tesque, Inc.or Dojindo Laboratories. Other
commercially available chemicals were purchased from Wako Pure Chernical
Inclustries, Ltd, or Nacalai Tesque, Inc., or Tokyo Kasei Kogyo Co,, Ltd, and
employed without further purification, unless stated otherwise, Analytical
thin-layer chromatography was performed with pre-coated Merck silica gel 60,
F254 (O.2mm layers on glass plates). Column chromatography was performed
using Merck Kieselgel 60 or WAKOgel LP-40C18.
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